Au clusters supported on the TiO 2 ͑001͒/Mo͑100͒ surface and Pd clusters supported on the MgO͑100͒/Mo͑100͒ surface have been studied using temperature programmed desorption, ion scattering spectroscopy, scanning tunneling microscopy, and scanning tunneling spectroscopy. Three dimensional growth has been observed at 300 K for both cases. The adsorption energy of Au on the TiO 2 ͑001͒ surface has been measured to be 50 kcal/mol using temperature programmed desorption, compared to the adhesive energy of 90 kcal/mol for the bulk Au metal. At an equivalent Au coverage of 1.8 ML, very homogenous, hemispherical Au particles with an average diameter of 25 Å and a height of 10 Å are present on a TiO 2 ͑001͒/Mo͑100͒ surface. Increasing the Au coverage to 3 equivalent monolayers produces ϳ60 Å diameter clusters. The scanning tunneling spectroscopy measurements show a gradual development of the metallic character of the Au clusters with increasing cluster size. Very similar results have been obtained for the Pd clusters supported on the MgO͑100͒/Mo͑100͒ surface.
I. INTRODUCTION
Metal clusters supported on the oxide surfaces have been widely used as catalysts for various chemical reactions.
1,2
Gold supported on oxide surfaces recently has been found to be active for a number of catalytic reactions such as low temperature CO oxidation, [3] [4] [5] [6] [7] NO reduction, 7 hydrogenation, 8, 9 and catalytic combustion of hydrocarbons. 7 These observations have promoted an extensive study of supported Au with respect to its catalytic properties 3-15 and references therein. Among various oxide supports studied, Au supported on TiO 2 shows the highest activity for those catalytic reactions mentioned above.
Several studies have also been carried out to characterize the geometric and electronic structures of supported Au clusters. Transmission electron microscope ͑TEM͒ measurements by Boccuzzi et al. 11 and Haruta et al. 12 show highly dispersed, hemispherical Au particles on the TiO 2 surface. X-ray photoelectron spectroscopy ͑XPS͒, Auger electron spectroscopy ͑AES͒, and ion scattering spectroscopy ͑ISS͒ have been utilized by Hoflund and co-workers to characterize Au/MnO x , 16 Au/Fe 2 O 3 , and Au/Co 3 O 4 catalysts. 17 The Pd clusters supported on the MgO surface have been also studied using high-resolution transmission electron microscopy ͑HRTEM͒, 18, 19 helium diffraction, 20,21 surface electron energy loss fine structure spectroscopy ͑SEELFS͒, 22 Auger electron spectroscopy ͑AES͒, and energy loss spectroscopy ͑ELS͒. 23 The physical and chemical properties of small clusters have been extensively studied because of their fundamental and practical importance. One of the most often asked questions is that regarding the metal to non-metal transition with decreasing metal cluster sizes. Previously, photoelectron spectroscopy has been used to address this issue by measuring the coveragedependent variation of the core-level binding energy of supported metal clusters. [24] [25] [26] [27] [28] [29] [30] From these studies, it has been inferred that the metal to non-metal transition occurs at a cluster size of ϳ100 atoms. 24 In this article, we report the characterization of Au clusters supported on the TiO͑001͒/Mo͑100͒ surface and Pd clusters supported on the MgO͑100͒ surface using temperature programmed desorption ͑TPD͒, ion scattering spectroscopy ͑ISS͒, scanning tunneling microscopy ͑STM͒, and scanning tunneling spectroscopy ͑STS͒. The use of STS allows the local electronic structure of the Au clusters to be determined on the Å scale and also permits the non-metal to metal transition to be measured microscopically, rather than macroscopically, as is the case in XPS measurements.
II. EXPERIMENTS
The experiments were carried out in two ultrahigh vacuum chambers. One is equipped with capabilities for AES, low energy electron diffraction ͑LEED͒, temperature programmed desorption ͑TPD͒, and ultrahigh vacuum ͑UHV͒-STM ͑Omicron͒ and has a base pressure Ͻ1ϫ10 Ϫ10 Torr. The second chamber is equipped with capabilities for TPD and LEED, and with a hemispherical analyzer for x-ray photoelectron spectroscopy ͑XPS͒, ISS, and AES. The base pressure of this system was about 3ϫ10
Ϫ10
Torr. The Mo͑100͒ surface, used to support the TiO 2 and MgO thin films, was cleaned by annealing at 1200 K in 5ϫ10 Ϫ8 Torr of O 2 and subsequently flashing to 2000 K. This procedure was repeated several times until no contaminants could be detected by AES. The surface temperature was measured using a W-5Re/W-26Re thermocouple spotwelded to the sample edge or via an optical pyrometer.
The UHV-STM measurements were carried out by biasing the sample at ϩ2 V for Au/TiO 2 and ϩ4 V for Pd/MgO in a constant current mode ͑0. Thin TiO 2 ͑MgO͒ films were prepared by exposing the Mo͑100͒ surface to Ti ͑Mg͒ vapor in a 2ϫ10 Ϫ7 Torr O 2 background at a surface temperature of 600 K and subsequently annealing to 1000 K ͑1200 K͒ in ambient oxygen to improve the crystalline quality. The TiO 2 film has been thoroughly characterized using LEED, AES, XPS, ISS, and STM. 31 Briefly, TiO 2 grows epitaxially on the Mo͑100͒ surface with a ͑001͒ orientation. The stoichiometry and valence state determined by AES and XPS are consistent with the formation of TiO 2 . The MgO film has been characterized previously using LEED, AES, TPD, ELS, HREELS, 32 and STM. 33 The Au ͑Pd͒ clusters were prepared by evaporating Au ͑Pd͒ onto the TiO 2 ͑001͒ ͓MgO͑100͔͒ surface at 350 K ͑300 K͒. Both Au and Pd were evaporated from a source containing a high-purity wire tightly wrapped around a tungsten filament. The sources were thoroughly outgassed before use and the flux calibrated using AES of the corresponding metal on the Mo͑100͒ substrate. In the case of Au and Mg on the Mo͑100͒ surface, TPD spectra show two well resolved desorption peaks due to the monolayer and multilayer adsorption and have been also utilized to verify the flux determined by AES.
III. RESULTS AND DISCUSSION
ISS was used to determine the growth mode of Au on the TiO 2 ͑001͒/Mo͑100͒ surface. Figure 1 shows two series of ISS spectra of Au deposited on Mo͑100͒ ͑left panel͒ and TiO 2 ͑001͒/Mo͑100͒ ͑right panel͒ at various Au coverages. On the Mo͑100͒ surface, two peaks are observed at 524 and 566 eV, which can be assigned to the ion scattering from Mo and Au, respectively. With increasing Au coverages, the Mo peak attenuates gradually and disappears almost completely at a Au coverage of 1.0 ML. This result further verifies the flux determined using AES and TPD of Au on Mo͑100͒ and validate the use of ISS to follow the growth mode in the first layer. As the right panel in Fig. 1 shows, three scattering peaks are observed at 270, 456, and 570 eV for Au deposited on TiO 2 ͑001͒/Mo͑100͒, which correlate to O, Ti, and Au, respectively. With increasing Au coverages, the substrate TiO 2 peak intensity decreases rather slowly. Even at a Au equivalent coverage of 5.0 ML, peaks due to the Ti and O scattering are still observed and have attenuated only by 80% compared to the clean TiO 2 surface. This result clearly demonstrates a three dimensional growth ͑Volmer-Weber͒ mode for Au on the TiO 2 ͑001͒/Mo͑100͒ surface.
The bonding energy of Au has been also determined using TPD. These results are provided in Fig. 2 . Au was deposited at 600 K on to the surface. A single desorption peak has been observed for all Au coverages used in our experiments. With increasing Au coverage, the Au desorption peak shifts gradually from 1090 K at 0.2 ML to 1190 K at 2.0 ML. Using the leading edge analysis, the Au binding energy on TiO 2 ͑001͒/ Mo͑100͒ was determined to be 50Ϯ10 kcal/mol, which is much smaller than the Au condensation energy of 90 kcal/ mol. This dramatic decrease of the Au condensation energy is surely related to the formation of small Au clusters on this surface. One possible explanation is that Au on the periphery of the clusters preferentially evaporates from the surface and serves as the precursor for the Au desorption.
The thermal stability of Au clusters on the TiO 2 ͑001͒/ Mo͑100͒ surface was also studied using ISS. For this experiment, 1 ML Au was deposited at 120 K on to the TiO 2 (001)/Mo͑100͒ surface and ISS spectra were taken after annealing the sample to various temperatures up to 1250 K. Figure 3 plots relative intensity ͑normalized to the spectra taken at 120 K͒ of Ti, O and Au scattering peaks versus the annealing temperature. Three different regions are clearly observed. Between 120 and 400 K, the Au intensity decreases gradually, while the O and Ti peaks increase correspondingly. This can be either attributed to the agglomerization of Au clusters or encapsulation of Au particles by the TiO x . Between 400 and 800 K, a plateau was observed. Further annealing from 800 K to 1250 K again causes a gradual decrease of the Au peak intensity and simultaneous increase of Ti and O peak intensity. This change clearly correlates to the desorption of Au from the TiO 2 ͑001͒/Mo͑100͒ surface. Furthermore, it also indicates that the intensity change between 120 and 400 K is most likely due to the Au agglomerization rather than encapsulation, since the desorption of encapsulated Au would not result in a decrease of Au ISS intensity.
The growth of Au on TiO 2 ͑001͒/Mo͑100͒ was also studied using STM. Figure 4͑a͒ shows an STM image acquired after annealing a 5 ML TiO 2 film to 1200 K, which leads to an interfacial reaction between the TiO 2 film and the Mo͑100͒ substrate. The subsequent AES, XPS, and ISS measurements show a TiO 2 coverage of only ϳ2 ML, with ϳ20 of the Mo͑100͒ surface uncovered. The subsequent STM image is consistent with these results in that both the Mo substrate, now MoO x ͑dark area͒ and TiO 2 ͑bright area͒ are clearly visible. The TiO 2 shows individual atom rows running along the ͑010͒ and ͑001͒ directions of the Mo͑100͒ substrate, corresponding to a (2ͱ2 ϫ ͱ 2)R45°reconstruction of the TiO 2 ͑001͒ surface. The TiO 2 islands are typically 9 Å high, corresponding to approximately three times the TiO 2 unit cell along the ͓001͔ direction ͑2.96 Å͒.
1.8 equivalent ML of Au were subsequently dosed at 350 K onto the TiO 2 surface. In Fig. 4͑b͒ , a 735ϫ735 Å STM image of the Au/TiO 2 /Mo͑100͒ surface shows hemispherical Au clusters with a relatively narrow size distribution. The average size of the clusters is ϳ25 Å in diameter and 10 Å in height. In addition to the corrugation due to the Au clusters, a larger scale and longer range corrugation ͑bright and dark areas͒ is also seen. The average height difference between the bright and dark areas is about 8 Å and can be attributed to the corrugation of the TiO 2 /Mo͑100͒ support. While the dark areas correspond to Au supported on MoO x , the bright areas arise from Au clusters supported on TiO 2 . It is noteworthy that the density of Au clusters on TiO 2 is higher than on MoO x , indicating a stronger interaction between Au and TiO x than between Au and MoO x . The average size of the Au clusters on TiO 2 is also larger than that for the Au clusters on MoO x . This discrepancy is more clearly seen in Fig.  5 ͑top͒, in which the normalized number of clusters is plotted as a function of the cluster size for Au on TiO 2 and MoO x . These data imply that the Au atoms are highly mobile on the surface at 350 K. That is, upon impinging the MoO x surface, the Au atoms become trapped, diffuse across the surface, and then preferentially nucleate on the TiO 2 support. The high mobility of Au atoms on the surface is also consistent with ISS results presented above, which show that Au begins to nucleate into large clusters at temperatures below 300 K.
Larger Au clusters have also been prepared by increasing the initial Au coverage to 3 equivalent monolayers, which was supported on a 30 ML TiO 2 film. This sample was prepared in a separate UHV chamber and transferred to the STM chamber in N 2 ambient. Figure 6 shows a typical 800 ϫ800 Å topographic image of 30 ML TiO 2 ͑001͒ ͑top͒ and a 2000ϫ2000 Å topographic image for the 3 ML Au covered TiO 2 surface ͑bottom͒. The surface of the 30 ML TiO 2 is characterized by small TiO 2 crystallites with sizes ranging from 200 to 1000 Å. On the individual crystallites, atomically resolved images can be achieved and show a (2ͱ2 ϫͱ2)R45°reconstruction of the TiO 2 surface ͑not shown here͒, consistent with the LEED data for this system. Similar to the 1.8 equivalent ML Au dose, the STM image of 3 equivalent ML Au shows hemispherical clusters with relatively narrow particle size distributions. However, the average cluster size of the 3 ML Au is ϳ62 Å in diameter ͑a histogram of the cluster sizes for 3 ML Au is shown in the bottom panel of Fig. 5͒ and 16 Å in height, values considerably larger than the average cluster sizes found for the 1.8 ML Au. In addition to the increased clusters sizes from 1.8 ML to 3 ML Au, the cluster density is also reduced for the higher Au coverage. These results indicate the coalescence of Au clusters during the growth at 350 K, consistent with ISS results.
The electronic structure of the Au clusters has also been studied using scanning tunneling spectroscopy. STS spectra were acquired for three Au clusters with different sizes. These results are displayed in Fig. 7 along with the corresponding topographic scan. The STS data were acquired during the topographic scan by stopping the scan at selected pixels, interrupting the STM feedback loop, then sweeping the bias voltage through the region of interest. The topographic scan can be used to correlate the STS curve with a particular geometric feature and, as well, provides a check for tip stability during the measurements. Curves 1 and 2 were taken on two clusters for 1.8 ML Au on the TiO 2 (001)/Mo͑100͒ surfaces as indicated in the topographic scan and averaged over more than 100 points on each individual cluster. Cluster 1 is ϳ14 Å in diameter and 9 Å in height, and cluster 2 is 18 Å in diameter and 12 Å in height. Current-voltage (I -V) curve 3 was acquired for a much larger Au cluster ͑63 Å in diameter and 22 Å in height͒ on the Au 3ML /TiO 2 ͑001͒ surface. Distinctly different spectra were obtained depending on the cluster size, as is apparent from Fig. 7 . Cluster 3 displays an I -V curve which is very characteristic for a metallic substrate. By contrast, the cluster 1, which is much smaller than cluster 3, shows a gap of about 0.8 V in the I -V curve. This can be more clearly seen in the inset, where an expanded view is provided. Cluster 2, which shows an intermediate size between cluster 1 and 3, also displays an intermediate I -V curve between curve 1 and 3. Although cluster 2 shows a non-zero tunneling current at 0 ϩ and 0 Ϫ bias voltages, its density of states near the Fermi level is apparently lower than cluster 3. Summarized, the density of states near the Fermi level increases with increasing cluster size.
The growth of Pd on the MgO͑100͒/Mo͑100͒ surface has also been studied using STM and STS. Given the large band gap and highly insulating nature of MgO, the bulk terminated surface cannot be studied using STM. However, a thin MgO film, which is conductive enough through tunneling across the thin film, has been demonstrated to be suitable for surface science studies utilizing charged particles as probes and has been recently successfully used for the STM studies by Gallagher et al. 33 In the present experiment, a 8 ML MgO thin film was grown epitaxially on the Mo͑100͒ surface and used to support Pd particles for the STM studies. Figure 8 shows a 1000ϫ1000 Å topographic scan ͑top͒ and corresponding histograms of 1.2 ML Pd supported on the MgO͑100͒/Mo͑100͒ surface. As in the case of Au on TiO 2 ͑001͒, hemispherical particles with relatively narrow size distribution were observed. The average diameter of the Pd particles is about 32 Å.
Using the known Pd coverage and cluster density, the average number of atoms in a single cluster can be calculated. For the 1.2 ML Pd supported on the MgO͑100͒ surface, this calculation results in an average number of 225 atoms per Pd cluster. On the other hand, one can also compute the number of atoms contained in a single cluster using the cluster size measured by STM and assuming the same density in the cluster as that of bulk Pd metal. This computation yields 350 atoms for a cluster of average size ͑30 Å in diameter and 12 Å in height͒. This estimate is significantly larger than the number expected from the known Pd coverage and the discrepancy can be attributed to the intrinsic error inherent to the cluster size determined by STM. Two effects can contribute to the larger particle size measured by STM. First, there is the convolution error due to the nonideal tip, which causes a broadening of the imaged features. Second, the high density of states on the Pd clusters compared to MgO leads to an apparent enhancement of the cluster size via STM over and above the actual cluster size. This effect is especially important in the determination of the height of the cluster.
It should be noted that a stable image can only be achieved at a relatively high bias voltage and relatively low tunneling current, which keeps the tip far away from the surface. If one moves the tip closer to the surface by either reducing the bias voltage or increasing the feedback current, agglomerization of the Pd particles induced by the tip was observed. This is demonstrated by a 1000ϫ1000 Å topographic image in Fig. 9 , which was taken on the some location as the image in Fig. 8 , but after a 500ϫ500 Å scan in the center at a feedback current of 2.0 nA and 4.0 V bias voltage.
From a comparison of Fig. 9 with Fig. 8 , it is apparent that agglomerization occurs in the center of the image.
In Fig. 10 , STS spectra along with the corresponding topographic image are shown for 1.2 ML Pd supported on the MgO͑100͒/Mo͑100͒ surface. The STS curves 2, 3, and 4 were acquired for clusters 2 ͑13 Å in diameter and 6 Å in height͒, 3 ͑22 Å in diameter and 10 Å in height͒, and 4 ͑38 Å in diameter and 16 Å in height͒ over areas indicated in the topographic image, while curve 1 was taken on the MgO substrate. In the inset, an expanded view is also provided and the I -V curves are offset from each other for clarity. For the MgO͑100͒ surface, a 5.5 eV band gap is observed with the Fermi level being pinned slightly to the conduction band. This is in good agreement with the surface band gap determined by Wu et al. 34 using electron energy loss spectroscopy for this surface. Cluster 4, which shows a non-zero tunneling current at 0 ϩ and 0 Ϫ bias voltages, clearly has metallic character. However, cluster 2, which is much smaller than cluster 4, displays a gap of about 1.2 V around zero bias voltage in the I -V curve. A small gap of about 0.6 V is also observed for cluster 3, which is larger than cluster 2 but smaller than cluster 4. This result demonstrates a clear correlation between the cluster size and the gap observed in the I -V curve. It should be mentioned that exceptions also exist, although this correlation was observed for about 90% of Pd clusters. In some cases, a gap in the I -V curve was also observed for clusters as large as cluster 4. This is most likely due to the modification of the cluster by certain MgO sites, e.g., defect sites. An alternative explanation is that these clusters grow on a MgO ''bump,'' which makes the clusters look larger than if grown on a flat MgO area.
A gap in the I -V curve can originate from several mechanisms. For metal particles supported on an ideal insulating oxide support, no tunnelling current should be observed for a bias voltage smaller than the band gap of the oxide substrate. In very thin oxide films, however, charge on the metal clusters can be dissipated into the metal substrate via tunneling through the thin oxide film. Depending upon the magnitude of the tunneling through the oxide film compared to the tunnel current used in the STM measurements, an apparent band gap could be observed for metal clusters. In order to rule out this possibility, I -V curves were measured for identical Pd clusters at various tunneling currents ͑0.05-1 nA͒. These results are provided in Fig. 11 with a corresponding topographic scan at 0.5 nA ͑left͒ and 0.05 nA ͑center͒. The I -V curves were acquired on cluster 1 as marked in the topographic images and normalized to the tunneling current. As it is apparent from Fig. 11 , there is no significant change in the measured I -V curve with variation in the tunnelling current. These results indicate that electronic charge dissipation is a relatively fast process under our experimental conditions and that the large band gap of MgO substrate has no effect on the measured I -V curves for the metal clusters. A second possible explanation is that the apparent gap in the I -V curve is due to a coulomb blockade, which often gives rise to a staircase behavior in the I -V curve for single electron charging, e 2 /2C, that exceeds kT. This staircase has never been observed in our experiments under various conditions. Therefore, the gap observed in the present studies is dominated by an intrinsic depletion of the density of states near the Fermi level within the small metal clusters. Such gaps in small metal clusters have been observed previously by First et al., 35 for Fe clusters on the GaAs͑110͒ surface and by Suzuki et al., 36 for Al clusters on the GaAs͑110͒ surface. The cause of this depletion of the density of states can either be due to quantum size effects 35, 36 or to spillover of the MgO or oxygen from the support to the metal clusters. However, the correlation of decreasing gap with increasing cluster size excludes the possibility of the spillover. Therefore, we assign the gap in the I -V curve to the band gap in the small metal clusters.
In summary, we have demonstrated the feasibility of using STM to measure the geometric and local electronic structure of metal clusters supported on the thin insulating oxide films. A gradual development of bulk electronic structure has been found for the metal clusters with increasing cluster sizes. ISS and TPD were also utilized to determine the growth mode and bonding energy of metal clusters on the oxide supports.
